Pyruvate decarboxylase is the key enzyme in alcoholic fermentation in yeast. Two structural genes, PDC1 and PDCS have been characterized. Deletion of either of these genes has little or no effect on the specific pyruvate decarboxylase activity, but enzyme activity is undetectable in mutants lacking both PDC1 and PDCS (S. Hohmann and H. Cederberg, Eur. J. Biochem. 188:615-621, 1990). Here I describe PDC6, a gene structurally closely related to PDC1 and PDCS. The product ofPDC6 does not seem to be required for wild-type pyruvate decarboxylase activity in glucose medium; Apdc6 mutants have no reduced specific enzyme activity, and the PDC6 deletion did not change the phenotype or the specific enzyme activity of mutants lacking either or both of the other two structural genes. However, in cells grown in ethanol medium the PDC6 deletion caused a reduction of pyruvate decarboxylase activity. Northern (RNA) blot analysis showed that PDC6 is weakly expressed, and expression seemed to be higher during growth in ethanol medium. This behavior remained obscure since pyruvate decarboxylase catalyzes an irreversible reaction. Characterization of all combinations of PDC structural gene deletion mutants, which produce different amounts of pyruvate decarboxylase activity, showed that the enzyme is also needed for normal growth in galactose and ethanol medium and in particular for proper growth initiation of spores germinating on ethanol medium.
Pyruvate is the end product of glycolysis. It can be further degraded either by the pyruvate dehydrogenase (PDH; EC 1.2.4.1) complex to acetyl coenzyme A which enters the tricarboxylic acid cycle or via pyruvate decarboxylase (PDC; EC 4.1.1.1) to acetaldehyde and subsequently to ethanol. In the yeast Saccharomyces cerevisiae, however, most of the pyruvate is channeled through the PDC reaction (9) ; synthesis of mitochondrial functions, in particular of respiratory enzymes, is reduced in the presence of glucose (glucose repression [6, 9] ), while expression of several genes for glycolytic enzymes and for PDC is induced (glucose induction [14, 20] ). Although the degradation of pyruvate is a key point in sugar catabolism, the genetics of the reactions involved have not been fully deciphered yet, while all the other glycolytic reactions are genetically well characterized (9) .
The PDH complex consists of three catalytic activities and at least four or five different polypeptides (34) . One of the three activities is PDH itself, which is composed of two different subunits, Ela and E1 (34) . The gene for the Ela subunit from yeast, PDA], has been cloned. Deletion mutants of PDA] have a largely reduced PDH activity but no obvious growth deficiencies, indicating the PDH is not essential for growth on glucose (28) . Small amounts of acetyl coenzyme A can probably also be synthesized via acetaldehyde and acetate, thus bypassing the PDH reaction (9) .
Mutants lacking PDC or showing reduced PDC activity are severely impaired for growth on glucose. Schmitt and Zimmermann (21) isolated mutants in the gene PDCI which showed reduced or almost undetectable PDC activity in crude extracts. This gene was cloned (20) , sequenced (13) , and long thought to be the only structural gene for PDC. In contrast to the pdcl point mutants, however, deletion mu-* Address for correspondence.
tants turned out to grow well on glucose and they had only slightly reduced PDC activity (19, 23) . The effect was shown to be due to enhanced expression of PDC5, a second closely related and normally only weakly expressed structural gene for PDC (12, 19, 23) . Thus, in addition to being induced by glucose (12, 20) , the expression of the PDC genes seems to be under autoregulation at the transcriptional level (11, 12) . The products of the pdcl point mutant alleles, although catalytically inactive, are apparently still recognized by the autoregulatory mechanism, and therefore expression of PDC5 is not enhanced in such mutants (11) . Deletion of both PDCJ and PDC5 in the same strain results in complete loss of PDC activity and in failure to ferment glucose and to grow normally in glucose medium (12) .
The genes PDC2 (21), PDC3 (32) , and PDC4 (24) have been identified in different screens. All these mutants have between 20 and 40% of the wild-type PDC activity, and they grow slowly on glucose. These genes may code for regulatory functions, but none of them has been characterized yet. Interestingly, the pdc2 mutation just reduces expression of PDC1 while it completely abolishes PDC5 expression, even in the Apdcl mutant in which expression of PDC5 is normally enhanced (12) . PDC2 may function posttranscriptionally (20) . In this work I further characterize the properties of mutants with reduced or no PDC activity. Moreover, by low-stringency Southern blot analysis a third structural gene for PDC has been identified, and the molecular characterization of this gene is presented.
MATERIALS AND METHODS
Yeast strains. The yeast strains used are summarized in Table 1 . For the determination of enzyme activities additional strains with identical markers derived from the same cross as the descendants listed in Table 1 (the YSH 5.135 series) were used.
This work
Bacterial strains and plasmids. Escherichia coli JM101 and JM109 were used for the propagation of plasmids and M13 phages. pUC18 and pUC19 served as cloning and subcloning vectors, and M13mp18 and M13mpl9 were used as subcloning vectors for sequencing (17, 33) .
Media. Yeast cells were grown in standard media (26) . Oxoid (Basingstoke, United Kingdom) products were used, in particular for solid yeast extract-peptone (YEP) media, where certain other products gave problems with the germination of pdc mutant spores. Bacteria were propagated as described by Sambrook et al. (17) .
DNA manipulation. For all work with recombinant DNA, standard procedures were applied (17) .
DNA sequencing. Appropriate fragments were subcloned into M13mpl8 or M13mp19 (33) . Some of these fragments were shortened by nested deletions, or synthetic oligonucleotides were used as primers (17) . The entire gene was sequenced on both strands by the method of Sanger et al. (18) by using the T7 DNA polymerase-based sequencing kit from Pharmacia-LKB (Bromma, Sweden). Sequences were analyzed by the DNASIS/PROSIS software package from Hitachi (Brisbane, Calif.).
Cloning of PDC6. Southern blots with genomic yeast DNA were hybridized under reduced stringency with the EcoRIBglII fragment of the PDCJ coding region (19) as probe. Reduced stringency was achieved by slowly decreasing the temperature during hybridization from 68 to 45°C (8 h at 68°C, 2 h to decrease to 45°C, and 4 h at 45°C), omitting the final high-stringency' wash and otherwise following the instructions in the Boehringer (Mannheim, Germany) dioxigenin labeling and detection kit. In addition to the expected signals for PDCI and PDC5 a third sequence was identified (Fig. 1) . This sequence was cloned on a BamHI fragment from strain YSH 149 (Table 1) after preparation of partial genomic libraries and colony hybridization as described previously (19) .
Deletion of PDC6. The strategy followed the procedure of Rothstein (16) . The 5.5-kb KpnI-XbaI fragment carrying PDC6 (Fig. 2) (Fig. 1) . The sequence showed up as 1.7-and 4.3-kb EcoRI fragments and as a 9-kb BamHI fragment ( Fig. 1 and 2) . Additional weak signals (e.g., 3.7-kb EcoRI or 10-kb BamHI) could correspond to ILV2 (coding for acetolactate synthase [7] ) or to further as yet unidentified thiamine PPi-dependent enzymes. The 9-kb BamHI fragment was cloned from strain YSH149 ( Table 1) . This strain carries the Apdc5 allele (12) and a rearranged Apdcl allele (11) . Therefore, PDCI or PDC5 sequences could not interfere in the detection of the 9-kb BamHI fragment (Fig. 2) . The exact location of the sequence homologous to PDCJ was determined by Southern analysis and by DNA sequencing (Fig. 2) .
Sequence analysis of PDC6. Figure 3 shows an alignment of the predicted amino acid sequences of the three PDC isoenzymes. All three genes code for primary translation products of 563 amino acids. The overall identity of all three protein (36) . All seven tryptophan residues are conserved, allowing no conclusion which could be important. The sequence of PDC6 contains only a single cysteine, while PDCJ and PDCS both have four cysteine residues.
As pointed out previously, the differences in the amino acid sequence of PDCJ and PDC5 are unevenly distributed (12) . PDC6 perfectly follows this pattern. This means that in regions where PDCJ and PDC5 are almost identical the sequence of PDC6 is also very similar to these two proteins. In clusters of relatively high dissimilarity between PDCJ and PDCS, PDC6 also exhibits the most pronounced divergence in comparison to the other two isoenzymes (Fig. 3) . PDCJ and also PDCS have very high codon bias indices of 0.95 and 0.84, respectively. This index gives a measurement for the biased use of the preferred codons in S. cerevisiae which correspond to the most abundant tRNA species (3). The codon bias index (maximum value, 1.0) correlates well with the level of expression; highly expressed genes have a high value, while the value for weakly expressed genes is low (1, 25 activities than the wild type after growth in ethanol medium. Group 2 consists of the Apdcl mutant and the Apdcl Apdc6 double mutant, with about 75% residual activity in glucose and about 10% in ethanol medium. The double mutant Apdcl ApdcS and the triple mutant Apdcl ApdcS Apdc6 compose group 3, and they did not show detectable PDC activity either in glucose or in ethanol medium.
Thus, the presence ofjust PDCJ is sufficient for the cells to achieve full PDC activity, and as observed before (12, 19) , deletion of PDCJ can be partially compensated for by PDC5 in glucose but not in ethanol medium. The Apdc6 deletion did not change the PDC activity in any of the strains after growth with glucose. In ethanol medium, however, the Apdc6 allele affected PDC activity slightly, but only in a PDCJ wild-type background.
Growth characteristics. To characterize the growth behavior of the pdc mutant strains on different carbon sources, growth curves were measured ( Table 3 ). The mutants grouped according to PDC activity also behaved similarly for growth with glucose and glucose with the respiration inhibitor antimycin A. The mutants lacking PDC activity (Apdcl Apdc5 and Apdcl Apdc5 Apdc6) grew slowly in glucose and not at all when antimycin A was added. The mutants lacking PDCJ but retaining the compensatory PDCS (Apdcl and Apdcl Apdc6) had lag phases and generation times in glucose with antimycin A twice as long as those of the wild type, but growth in glucose without antimycin A was only slightly reduced. All strains which still possessed PDCJ grew as fast as the wild type with all carbon sources investigated.
The two mutants lacking PDC activity grew very slowly with galactose, a sugar which does not cause full catabolite repression and which is at least partially degraded via the tricarboxylic acid cycle (9) . Strikingly, these two strains (Apdcl ApdcS and Apdcl ApdcS Apdc6) did also grow more slowly in ethanol medium. For metabolism of ethanol, PDC activity is not expected to be required (9) . Reduced growth in galactose medium was also observed for the strains lacking PDCJ and therefore exhibiting reduced PDC activity.
Spore germination. During tetrad analysis it was observed that the colonies growing up directly on the dissection plates (YEP-3% ethanol) differed greatly in size (between 0.5 and 3 mm in diameter). The spores were ordered according to their size in each tetrad, and an average position for the different genotypes in the tetrads was (Fig. 4) . Although high-stringency hybridization conditions were applied, a very weak crosshybridization with the PDCJ or PDCS mRNAs could not be excluded (controls not shown). Therefore, the strain most useful for looking for a PDC6 mRNA is the Apdcl Apdc5 double deletion mutant. However, only on an overexposed autoradiogram could a very weak and rather doubtful signal for PDC6 be seen. In the wild-type strain the signals were clearly stronger, certainly also because of cross-hybridization with PDCJ or PDCS mRNA. Strikingly, the signal was stronger with mRNA isolated from ethanol-grown cells. Since there is less PDC mRNA in ethanol-grown cells than in cells incubated with glucose (12, 20) (Fig. 4) (12, 19, 20, 21, 23 (11, 12) : activation only in the presence of PDCJ and preferentially with a nonfermentable carbon source. Since PDC catalyzes an irreversible step in alcoholic fermentation (9) and, following the established schemes for gluconeogenic metabolism (9) , is not required for growth in ethanol, this behavior is difficult to interpret.
One possible explanation, that the PDC6 product is a component of PDH, which virtually catalyzes the same reaction but within an enzyme complex (34) , is unlikely since the triple deletion mutant Apdcl Apdc5 Apdc6 still grows slowly in the presence of glucose, as does the Apdcl Apdc5 double deletion strain. Moreover, the amino acid sequences of the PDC isoenzymes do not exhibit mitochondrial targeting sequences (2, 5) .
The PDC6 product could also have a completely different function. However, PDC6 is certainly different from ILV2, the gene for acetolactate synthase, an enzyme related to PDC (7, 10 (6, 9) , glucose degradation via this pathway seems to be very ineffective (9) . Growth 
